In an attempt to clarify the nutritional enigma of the healthy strong physique of Papua New Guinea (PNG) highlanders who have a protein-deficient diet mainly composed of sweet potato, a pilot study was performed as follows with 10 volunteers of PNG highlanders, and with 8 Japanese controls, one group of whom took an experimental protein-deficient diet in Japan. 1. In 4 groups of subjects, i.e. adults of PNG highlanders, their children, Japanese controls who were having standard Japanese food (SPD), and those who were having a low protein diet (0.5g/kg) for 2 weeks (LPD), urea metabolism was investigated after oral administration of 15N urea. By tracing the cumulative excretion of 15N in urine successively for about 10 days after 15N urea administration, it was found that children of PNG highlanders can retain a large amount of 15N in the body, Japanese controls of LPD fairly well, PNG adult slightly and the Japanese controls of SPD the least of the four groups. It was demonstrated that the 15N atom% excess in the plasma protein of PNG adults, children, and Japanese control of LPD is maintained in the range of 0.02-0.05% fluctuating for 10 days after 15N urea administration. On the other hand, 15N atom% excess in plasma protein of Japanese control of SPD was within the scope of error (0.01%). 15N atom% excess in the lysine fraction of the hydrolysate of plasma protein was found in the range of 0.01-0.05% in a large number of cases of PNG subjects, and Japanese control of LPD, while it was not significantly detectable in Japanese
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In March, 1977 one of the authors (Yoshimura, H.) went to Port Moresby, PNG, and there received the governmental approvement of making a series of nutritional studies in cooperation with the Institute of Medical Research at Goroka for the next 4 years, beginning mid July, 1977. controls of SPD. 15N atom% excess in essential and nonessential amino acids of the hydrolysate was significantly detectable in most cases of PNG subjects and Japanese controls of LPD, while not in the case of Japanese controls of SPD. From discussions on the above findings it is presumed that 15N urea may be utilized in PNG highlanders and Japanese controls of LPD to produce amino acids, especially lysine in the intestine where the bacterial species are changed by a long-continued protein-deficient diet from those of Japanese controls of SPD. The possibility of urea recycling was thus verified. Keywords urea recycling, PNG highlander, 15N urea metabolism , adaptation to protein deficiency, protein metabolism of potato eaters , 15N lysine, 15N incorporation in plasma protein, intestinal flora There has been considerable interest among nutritionists about the protein metabolism of Papua New Guinea (PNG) highlanders who eat sweet potato as their traditional staple. In 1950, Hipsley and Clements (1) showed in their nutrition expedition that shortage of intake of energy, protein, and other nutrients prevailed among adults of PNG highlanders who appeared physically well-developed. These findings have been essentially duplicated by many later studies , including Oomen (2), Venkatachalam (3) , and Malcolm (4-6). Malcolm found a high mortality among infants (4), a slow rate of growth and a late onset of menarche among children in PNG highland (5, 6) , and suggested that these are adaptive responses to nutritional deficiency. With regard to the maintenance of healthy activities of the adults, Oomen (7) suggested that PNG highlanders may be capable of fixing nitrogen in the gastrointestinal tract and of utilizing it to maintain the nitrogen balance. Actually, Bergersen and Hipsley (8) isolated N-fixing bacteria (mainly Klebsiella aerogenes) from all 14 stool samples of PNG potato eaters, and 1 out of 9 Australian controls.
Another form of adaptation to very low protein intake has been demonstrated in man subjected to low protein intake. Walser and Bodenlos (9), Richards et al. (10) , and Picou and Phillips (11) demonstrated that nitrogen from consumed ammonium salts or from ingested urea (i.e., nitrogen liberated from urea decomposed by bacteria in the gut) can be incorporated into amino acids in the body and may play an important part in protein metabolism in malnourished children as well as patients with renal failure forced to take very little protein for long time. These investigators hypothesized that these malnourished subjects could adapt to a severe long-term protein deficiency by increasing the utilization of urea reabsorbed from the kidney, i.e., urea recycling.
Thus, among the protein-deficient PNG highlanders, there may be two main possible mechanisms of adaptation to low protein intake, i.e., (1) recycling of urea nitrogen, (2) fixation of nitrogen in the intestinal tract by the action of bacterial flora. Hipsley, however, pointed out that the quantity of nitrogen which may be provided by bacterial fixation in the gut seems insufficient to cover the negative nitrogen balance of PNG highlanders. Therefore, the hypothesis of recycling of urea nitrogen to provide essential amino acids to PNG potato eaters seems most fruitful.
In order to verify the hypothesis of urea recycling, it is essential to confirm the incorporation of 15N in the lysine fraction of plasma protein after oral administration of 15N urea, because lysine is unique among amino acids in that the exchange of the amino nitrogen moiety with nitrogen from other sources does not take place without complete destruction of the lysine molecule (Peters and Van Slyke (12) ). If 15N urea were to be administered and if 15N enrichment of lysine were to be detected in some protein in the body, e.g., plasma protein, then the lysine must have been synthesized de novo within the body from the 15N-labelled urea administered, and have been utilized in the synthesis of plasma protein.
Thus, at the beginning of the studies (July to August, 1977) a pilot study was undertaken to gain evidence of urea recycling by experimentation with 15N urea which was orally administered to volunteers of the PNG highlanders. The following are the outlines of the studies performed. EXPERIMENTAL SCHEME AND METHODS except lysine, methionine, and tryptophan. All the spots of non-essential amino acids (NEAA) were pooled. Those specimens of spots collected were subjected to N and 15N analyses (14) . Atom% excess of 15N, which corresponds to the specific activity of 15N in a nitrogen compound was calculated with those samples whose nitrogen was analysed by semi-micro Kjeldahl method, and 15N content by the spectrographic 15N analyser .
One of the authors made a control experiment with eight Japanese adult males (age, 28-35 years; B.W., 58-86kg) in Hyogo College of Medicine. The experiment was performed under the following scheme: the subjects took first the Japanese standard protein diet (SPD) for about 10 days. The daily diet provided 1.2-1,3g/kg of protein containing fish at 30-40%, and 35-45kcal/kg of body weight of the subject. Twenty mg/kg of urea labelled with 96.5atom % 15N was orally administered to 4 of the 8 subjects at the beginning of the experiment. The other 4 subjects had a low protein diet (LPD) after about 10 days' SPD, as is demonstrated Fig. 1 . Experimental scheme of Japanese control. The figure shows the results of subject T, whose body weight was 85kg, as an example of Japanese control experiment. At the beginning, the subject took a normal Japanese diet containing protein 1.2g/kg and 35kcal/kg as indicated in the figure for 8 days. Urinary nitrogen, dietary nitrogen (DN), and fecal nitrogen (FN) were measured. The dotted horizontal line is the mean level of daily amount of (DN-FN), i.e., apparent N absorbed. Thus, the difference of urinary nitrogen (N excreted) and N absorbed indicates the N balance. After normal standard diet period (SPD), the subject took 0.5g/kg of protein and of the same kcal (LPD) for 23 days. After about 2 weeks LPD, 15N urea was orally taken by the subject in 20mg/kg.
in Fig. 1 . LPD contained 0.5g/kg/day of protein and 35-45kcal/kg/day. After the nitrogen balance attained an equilibrium at a low level of nitrogen intake (about 2 weeks' LPD), 20mg/kg of 15N urea was orally administered to the subjects of LPD. The daily dietary sample was made in duplicate under careful control in the hospital and the nitrogen content of one of the two samples was analysed to determine the nitrogen balance, while the other was taken by the subject. All the daily urine and feces were collected and the nitrogen content measured by semi micro Kjeldahl method. Blood was collected every morning and was submitted to chemical analysis. In some cases, blood and urine were collected every 3hr for 12hr after 15N urea administration. Methods of chemical analysis of those samples of Japanese controls were the same as those with samples of PNG highlanders described above.
RESULTS
Physical characteristics of the volunteer PNG highlanders are presented in Table 1 . Those subjects were selected among recovering patients and their attendants in the Goroka Central Hospital. Diagnoses of the subjects are described in the table. A striking finding is the high creatinine indices of the adults. Almost all the indices are close to the highest level of the normal standard value. It follows that the subjects had a strong muscular physique.
Some blood properties of the subjects were measured by routine methods. As seen in Table 2 , hemoglobin concentration and hematocrit were normal. Plasma protein concentration was close to the highest limit of the normal standard. Plasma cholesterol is a little lower than the normal in accordance with the report of Scala (15 Fig. 2 that 15N retention is the largest for PNG children, fairly good for Japanese of LPD, low for PNG adult, and the least value for Japanese control of SPD.
Measurements of 15N atom% excess in NPN and protein in the plasma
Of the 15N retained in the body, a part is presumed to be incorporated in plasma protein. Typical examples of results of measurement of 15N atom % excess in NPN and in protein nitrogen in the plasma collected from a subject of each group are plotted respectively in Fig. 3 . The upper part of the figure demonstrates daily variations of 15N atom% excess in plasma protein, while the lower part shows examples of 15N atom% excess of NPN in each of the four groups . Among the blood samples transported from PNG, some were lost and could not be measured . The values measured with the plasma protein for 7-10 days of each subject were averaged and are presented in Table 3 . The upper part of the table shows the mean value of Japanese subjects taking LPD, while the lower part shows the mean values of PNG adults and children. The number in parentheses in the table is the number of samples which showed significant 15N atom% excess. Some of the measurements presented very low atom % excess which is within the limit of error, i.e., 0.01%. These values were omitted in calculation of mean values. It is demonstrated in Fig.  3 that 15N atom% excess in plasma protein of PNG highlanders (both adults and children) fluctuated daily, but the level of 15N atom% excess was 0.02-0.05%. A similar value was obtained with Japanese subjects who have adapted to low protein diet for 2 weeks (LPD) (refer to Table 3 ). On the other hand, 15N atom % excess in plasma protein of one Japanese having SPD was less than 0.01% which is the limit of error of measurement, as seen in the upper part of Fig. 3 , and it could not be detected at all in the other Japanese subjects of SPD. It is noteworthy that 15N atom % excess in NPN of plasma was about 3.0%, 3 hr after 15N administration Table 3 . 15N incorporated into plasma protein and amino acid of hydrolysate of plasma protein (in atom% excess).
The values in the table are the mean values of 15N atom % excess obtained with samples which presented significant value beyond the limit of experimental error, and their standard deviations. Number in parentheses is number of significant samples. E. A. A., essential amino acids: N. E. A. A., nonessential amino acids; Lys, lysine; LPD, low-protein diet.
with Japanese of LPD, decreased rapidly and attained 0 on the 4th or 5th day of the experiment. In the case of the PNG highlander, it was 1.0% on the 2nd day of the experiment and fell to 0 on the 4th day. 15N incorporated in NPN of the plasma of Japanese having SPD was less than those of Japanese control of LPD and PNG highlander and were not detectable on the 3rd day of experiment. Thus, 15N atom% excess in NPN was markedly higher than that in plasma protein in the early period after 15N urea administration, while it fell rapidly to 0 in several days. On the other hand, 15N incorporated in plasma protein remained, by fluctuating, at an approximately equilibrated level for 10 days.
Incorporation of 15N into amino acid components in plasma protein
The next problem is to identify amino acid components which constitute the plasma protein and which can take 15N into their molecule from 15N urea.
15N atom% excess of nitrogen in amino acid fractions of the hydrolysate of plasma protein are presented in Table 3 . It is demonstrated in the table that the 15N incorporation in amino acid components of the hydrolysate of plasma protein was very small, but significant in a large number of samples of PNG highlanders and of Japanese control of LPD, while significant incorporation of 15N in the amino acid components could not be detected in the plasma samples of Japanese control of SPD, and are omitted from the table. Among the amino acid components of plasma protein, lysine is the most important for tracing the fate of 15N derived from 15N urea, as stated above. As shown in the table, 15N was incorporated in 0.01-0.05 atom% excess in the lysine fraction of the hydrolysate. 15N from urea should be incorporated in the lysine fraction, at the time of synthesis. As the liver does not contain unease, 15N of lysine derived from urea should originate from 15N ammonia produced from 15N urea and be incorporated in lysine by the intestinal flora.
As it is well known, the dietary composition can affect the relative numbers of various groups (or types) of bacteria in intestinal flora (17) , it is speculated that a long-continued low-protein diet may influence the bacterial flora with PNG potato eaters so as to produce lysine from decomposed urea.
DISCUSSION
From the above findings in our studies using 15N urea , it is demonstrated that 15N taken in the form of urea can largely be retained in children of PNG, fairly well retained in Japanese controls taking a low-protein diet and slightly in PNG adult highlanders. The retention of 15N urea was least in Japanese controls taking standard diet (SPD) (refer to Fig. 2) . By determination of 15N atom % excess in plasma protein, it is found that 15N derived from 15N urea can be incorporated in plasma protein but only a little with samples of PNG highlanders and protein deficient Japanese (LPD), while the incorporation of 15N in plasma protein of Japanese controls taking standard diet (SPD) is within the scope of error or undetectable.
The atom % excess in NPN in plasma of PNG highlander and protein-deficient Japanese (LPD) was significantly higher than that in plasma protein . Thus, it is presumed that 15N incorporated into NPN was absorbed through the intestinal wall and then incorporated into plasma protein. Further evidence for this presumption is presented in Fig. 4 . Figure 4 is part of the determination of 15N atom % excess in plasma protein as well as that in NPN of two protein-deficient Japanese subjects measured daily after the administration of 15N urea. It is demonstrated that 15N atom % excess in plasma protein that once appeared at 0.1 or so decreased sharply within a few days after the oral administration of 15N urea, but again increased gradually. On the other hand, 15N atom% excess in NPN decreased quickly. Therefore, 15N once incorporated in plasma protein is not stable, and 15N may be incorporated, released, and reincorporated several times into the plasma protein molecule, and its turnover rate is very rapid. On the other hand, it is believed that the nitrogen of lysine cannot be exchanged and is kept in the lysine molecule, unless it is broken down. It was demonstrated in our results that 15N in urea can be incorporated in lysine in 0.01-0.05atom% excess in a large number of cases of PNG highlanders (refer to Table 3 ) and Japanese taking the low-protein diet. Therefore, it is presumed that 15N urea may be broken down by intestinal flora and 15N lysine is synthesized there. 15N lysine may be absorbed through the intestine and incorporated in plasma protein in the liver. From these discussions, it is presumed that other amino acids may also be synthesized in intestinal flora.
Concerning the protein metabolism of PNG highlander, the possibility of urea recycling in the process of adaptation to protein deficiency has been long speculated. By the present experiment, it was demonstrated that 15N lysine was synthesized from 15N urea in the intestinal flora and was incorporated in the plasma protein. Thus the possibility of urea recycling is verified.
Regarding the physiological role of lysine and other amino acids synthesized in bacterial flora, a very low atom % excess of 15N incorporated in amino acid components suggests that the amount of amino acids synthesized in the intestine may be very little and may not substitute sufficiently the lack of essential amino acids which are provided in the protein-deficient diet of the PNG highlander. On the other hand, even a small amount of essential amino acids provided by intestinal flora, might contribute to improve the quality of dietary protein. Fujita et al. (16) verified that PNG highlanders have high ability to utilize dietary protein as compared with Japanese adult. Thus, it is speculated that lysine and other amino acids synthesized in intestinal flora may contribute to the improved quality of dietary protein and promote the utilization of dietary protein. Experimental evidence is, however, required in the future to make a definite conclusion.
